Abstract-Empowered by spectral aggregation and cell densification, future 5G mobile data networks pose a huge challenge to building next-generation mobile fronthaul systems with higher capacity, scalability, and energy efficiency. Under this circumstance, traditional solutions based on the Common Public Radio Interface or channel aggregation with digital signal processing (DSP) are not sufficient to support heterogeneous ubiquitous wireless access. In this paper, we demonstrate a point-to-multipoint bidirectional mobile fronthaul system. Wavelength division multiplexing plus frequency division multiplexing is applied to support independent asynchronous small cells. Intensity-modulation and direct-detection downlink (DL) as well as field-modulation and heterodyne-detection uplink (UL) are proposed. Combined with efficient virtual tone-based DSP for phase recovery and carrier-frequency-offset estimation, signal degradations from beating among incoherent asynchronous UL signals are mitigated. Proof-of-concept experiments are demonstrated where 20 and 16 80-MHz component carriers are transmitted over 25-km standard single-mode fiber for DL and UL, respectively. Less than 6% error vector magnitudes with 64-, 16-, and 4-ary quadrature amplitude modulation are obtained.
I. INTRODUCTION
D riven by the continuous demands for faster connection speed and ubiquitous wireless signal coverage, the concept of the fifth-generation (5G) mobile data network arises, which is commonly forecasted to be deployed around 2020 [1] . Among all the attractive features of 5G, higher-RF-band exploration, discrete-spectral-band utilization, and small-cell deployment are of great importance to bring about 2 to 3 orders of improvement in system capacity, which is also consistent with the trends of spectral aggregation and cell densification. An overall conceptual diagram of a future 5G network system with spectral aggregation and cell densification is depicted in Fig. 1 . Spectral aggregation could provide us with higher radio bandwidth, while it also enables the utilization of discrete fragmented bands and the coexistence of different radio access technologies (RATs). Meanwhile, through higher-RF-band exploitation and frequency reuse, massive deployment of small cells brings heterogeneous and ubiquitous wireless signal coverage with greatly improved subscriber experience.
Expansion and densification in both spectral and spatial domains also incur new technical challenges. First, with smaller cell size, we face the issues to balance the performance at different locations and to maintain the continuity of the quality of service at the cell edge or transition region between adjacent cells. And the problems will be complicated with higher cell density up to 1000 cells∕km 2 [2] . Thus, accompanying cell splitting, 5G cellular networks also need coordinated multipoint transmission and beam forming to optimize their spatial and spectral resource allocation, which requires a powerful central office (CO) with fast digital-signal-processing (DSP) speed and capability to efficiently perform large-scale coordination and scheduling. On the other hand, the upgrade of mobile communication technology will be at the expense of increased expenditure, power, or time, which should be within a sustainable range. With the breakthroughs in tactile networks and the Internet of Things, 5G will surely play an important role in supporting such delay-sensitive and energy-efficient applications. Nowadays, there is a broad consensus that, except for higher spectral efficiency and more connected devices, the new 5G system should be more efficient in cost and power consumption with lower end-to-end latency [3] .
As a solution to mitigate the aforementioned challenges, the concept of the cloud radio access network (C-RAN) has been proposed [4] [5] [6] . In C-RAN, baseband units (BBUs) are separated from the base stations (BSs) and centralized into the BBU-Pool at the CO, which connects hundreds of distributed remote radio heads (RRHs) and small cells, as shown in Fig. 1 . The BBU-Pool is empowered with efficient data and information-processing technologies such as cloud computing and functioning virtualization for the ease of large-scale dynamic and centralized management and resource allocation. In C-RAN architecture, optical fibers are considered to be an ideal medium to provide low-loss high-capacity solutions to build fiber wireless integrated links to enable data and information exchange between the BBU-Pool and distributed cells.
Different data transmission schemes have been proposed to support C-RAN, including the well-known Common Public Radio Interface (CPRI) [7] . A CPRI-based mobile fronthaul initiates with digitizing the baseband LTE component carrier (CC) with I/Q streams at the BBU-Pool and then transmits the quantized bits to the RRHs. Within an RRH, the CC will be reconstructed based on the digitized bits before being sent to the radio equipment (RE). However, CPRI is a bandwidth-consuming method. After digitization, one 20-MHz LTE band is converted into about a 490-Mbit/s on-off keying signal. For an enhanced LTE macro-cell with three sectors, five aggregated carriers, and 8-by-8 MIMO, it may even require a speed of 150 Gbits/s, which is far beyond the capability of today's access technology. To overcome the drawback of low spectral efficiency in CPRI, channel aggregation/deaggregation (CA/CDA) is proposed in the mobile fronthaul system [8] [9] [10] [11] [12] [13] , as shown in Fig. 2 . In such a scheme, multiple LTE signals are transmitted with frequency division multiplexing (FDM) over one wavelength-division-multiplexed (WDM) channel; thus the spectral efficiency can be greatly improved. For example, in [10] , 1.5-GHz RF bandwidth is abundant to support 48 20-MHz LTE signals. The FDM could be realized by a pure DSP scheme [8] [9] [10] [11] or the digitalanalog hybrid method [12, 13] . However, current CA/CDAbased mobile fronthaul is built upon a point-to-point (PTP) architecture with a WDM passive optical network (PON), which also induces some problems. Above all, PTP architecture lacks the scalability to support cell splitting and expansion in 5G networks. With an increased number of small cells, the available wavelengths of a WDM PON will be quickly used up, and deploying dense WDM (DWDM) multiplexers as well as transceivers is too expensive. On the other hand, uplink (UL) transmission will become a challenging issue if using subcarrier multiplexing (SCM) or FDM schemes [13] [14] [15] [16] in small-cell mobile fronthaul. Because each small cell is an independent unit, the optical signals among different small cells are asynchronous and incoherent. When they beat with each other inside a photodetector (PD), the signal quality will be seriously degraded by optical beating interference (OBI) and phase noise. Nevertheless, in [13] [14] [15] [16] , complex optical coherent receivers are used, and large guard bands have to be maintained between adjacent carrier components or FDM channels, which increases the cost and sacrifices the spectral efficiency. Moreover OBI cannot be thoroughly eliminated through coherent receiving techniques due to the imperfection of the 90/180-degree optical hybrid. The residual OBI will still deteriorate the signal quality in the above works.
In this paper, we propose a small-cell-compatible bidirectional mobile fronthaul network based on CA/CDA. In comparison with traditional CPRI-, CA/CDA-, and TDM-based schemes, a point-to-multipoint (PTMP) UL is realized, and CCs from different small cells are multiplexed in the frequency domain with higher flexibility and lower latency. On the other hand, the impairments caused by OBI and phase noise in FDM UL are mitigated with a low-cost fieldmodulation and heterodyne-detection (FM-HD) method combined with virtual tone (VT)-based DSP.
II. OPERATION PRINCIPLES
As shown by the conceptual diagram in Fig. 3(a) , the proposed system is based on WDM-FDM architecture. Each of the wavelengths carries multiple aggregated CCs, and the bandwidth allocated for different users could be adaptively adjusted. The architecture with two-tier multiplexing enables the system connecting with an increased number of distributed 5G small cells or hot spots, meanwhile still maintaining the capability to support traditional macrocells, which provide a complementary coverage and auxiliary coordination functions. As shown in Fig. 3(b) , the operation process of the mobile fronthaul includes two parts. In the downlink (DL) transmission, component carrier groups (CCGs) for different cells are generated at the BBU-Pool. After fiber transmission, such CCGs are deaggregated inside the radio access units (RAUs) at their corresponding cell sites. Then, after signal recovery and frequency upconversion, CCs are sent to the RE, which maps the signals onto their corresponding RF bands. The UL process can be regarded as a reversed version of the DL transmission, which starts from CC-to-CCG mapping at the RE site followed by fiber transmission and aggregation of different CCGs at the RAUs. However, because of the impairments induced by incoherent signal detection, the UL is more challenging and complicated than the DL, which will be further studied in the following parts. In the proof-of-concept experiment, bidirectional FDM operations are demonstrated, which transmit 20 80-MHz DL CCs and 16 80-MHz UL CCs between the BBU-Pool and two smallcell RAUs over 25-km standard single-mode fiber (SSMF).
The architecture is proposed to address two issues of existing mobile fronthaul systems. First, it increases the number of connected cells, and the signals for different cells can be efficiently allocated with high flexibility. To further reduce the cost and increase the scalability of the bidirectional system, laser-free RAUs are deployed, and centralized laser sources are shared among small cells. Second, we apply field modulation and low-cost heterodyne detection with DSP in UL transmission to eliminate OBI and phase noise among incoherent signals from different cells. Thus bidirectional transmission in a small-cell-compatible mobile fronthaul can be realized.
III. ANALYSIS OF IMPAIRMENTS IN UPLINK-SIGNAL DETECTION
As mentioned in the previous sections, the transmission impairments in the FDM upstream are mainly caused by incoherent signals from different cells and their beating inside the PD. In the following sections, we are going to analyze the impairments in three UL schemes. The first scheme applies directly distributed modulated lasers (DMLs), which are widely used in today's TDM-PON and hybrid fibercoaxial (HFC) systems. As shown in Fig. 4(a) , two DMLs are implemented in two small cells. Signals from Small Cell 1 and Small Cell 2 occupy odd and even channels, respectively, which will be combined using a passive splitter and received by a PD at the BBU-Pool. The electric field of the output light from the DML can be represented by Et jEtje jωtϕ A1 αste jωtϕ ;
where ω and ϕ are the angular frequencies and phase of the light, while A, α, and st are the amplitude, modulation index, and modulated electrical signals, respectively. After combination, the total electric field can be expressed as the sum of electric fields from two cells as
After PD, the photocurrent I will follow the square-law detection principle, which is evaluated as
where s 1 t and s 2 t occupy odd and even channels, and they fulfill jα 1 s 1 tj ≪ 1 and jα 2 s 2 tj ≪ 1, respectively, when the modulator is operated under a linear region. Thus Eq. (2) can be further simplified as
where Δω ω 1 − ω 2 and Δϕ ϕ 1 − ϕ 2 are induced by time varying frequency offset and phase noise, respectively. The first term in Eq. (4) is the desired signal after a combination from the two cells. The second term is the direct current (DC) component. And the last term is the OBI, which could be complicated if free-running lasers with different frequency offsets and phase noise are used. Typically the wavelengths of DMLs are unstable and keep drifting even with thermal controllers. Thus the angular frequency difference Δω is unpredictable and sometimes could change drastically. If it is reduced to zero, OBI will be overlapped with the desired signal and seriously degrade the signal-tointerference-plus-noise ratio (SINR), as shown in Fig. 4(b) .
The second scheme is to use a centralized light source and distributed remote modulators, as shown in Fig. 5(a) . In the short-reach mobile fronthaul network, DMLs can be replaced with source-free modulators, e.g., Mach-Zehnder modulators (MZMs), and the input lights for multiple small cells are provided by a centralized laser source at the BBU-Pool. To further improve the signal quality and reduce the phase noise, an external cavity laser (ECL) with a laser linewidth around 100 kHz can be applied. In this case, the wavelengths from different cells will be locked with Δω 0. Suppose that MZMs with push-pull operations are used, the output electric field of an MZM can be modeled as
where E out and E in are the output and input electric fields of the light, respectively, V π is the half-wave voltage of the MZM, and V bias is the applied bias voltage. To achieve the best intensity-modulation performance, the MZM is biased at V bias V π ∕2; thus Eq. (5) can be rearranged as
At the linear operation region when jstj ≪ V π , Eq. (6) can be approximated as
where A 2 p jE in j∕2 and α −π∕2V π . It is worth noting that Eq. (7) is in the same form compared with Eq. (1). Thus, after combination and photodetection, if small nonlinear components are ignored, the photocurrent becomes similar to Eq. (4), which is expressed as
As indicated by Eq. (8), although the impact of wavelength thermal drift is eliminated, the OBI issues mainly induced by the beating among signals from various cells are not resolved, as shown in Fig. 5(b) . The phase noise generated with incoherent light sources in different RAUs will convert into intensity noises, which severely pollute the signals even when a DSP technique is applied.
In the aforementioned schemes, it is noticed that, due to the OBI and phase incoherency, FDM signals are challenging to recover through traditional intensity-modulation and direct-detection (IM-DD) systems. In order to resolve such an issue, we propose a field-modulation and heterodynedetection (FM-HD) scheme based on the aforementioned remote-modulator system for the UL transmission. As shown in Fig. 6(a) , the UL signals are photodetected with an optical local oscillator (LO) in the BBU-Pool. The wavelength of the optical LO is not overlapped with the optical carrier modulated with signals. To optimize the field modulation performance in RAUs, the MZMs are biased at V π . Then the electric field of the modulator output light can be expressed as
With the given small signal modulation condition for best modulation linearity, jstj ≪ V π , Eq. (9) is simplified as
where α −π∕2V π and A jE in j. After incorporating the signal lights from Small Cell 1 and Small Cell 2 as well as the optical LO, the total electric field can be derived as
where A L , ω L , and ϕ L are the amplitude, angular frequency, and phase of the LO light. After beating inside the PD, the photocurrent can be obtained as
where desired signals from two cells after combination, and the last four terms are the undesired OBI components. As shown in Fig. 6(b) , the optical LO provides a reference for asynchronous signals from different cells. After beating inside the PD, signals will be upconverted to an intermediate frequency (IF) located at ω IF , and OBI terms are mainly distributed on the low-frequency band. By properly choosing the wavelength of the LO, signals carried by the IF will not be interfered with by the OBI components, as shown in Fig. 6(b) . Moreover, under heterodyne detection, instead of converting into the intensity noise, the phase noises can be reconstructed by tracking the phase fluctuations of the IF or pilot tones, which enables us to use specific DSP techniques to rectify the phase of the vector signals. Therefore by using the FM-HD method, the OBIs and phase noises are largely mitigated. All the devices for UL transmission remain identical to that of traditional IM-DD schemes except only a low-cost distributed feedback (DFB) laser implemented as the optical LO in the BBU-Pool. Therefore the proposed UL receiving systems have relatively simple structures as well as improved stability and affordability. It could be a promising candidate to realize a bidirectional WDM-FDM mobile fronthaul supporting future 5G systems with spectral aggregation and cell densification.
IV. EXPERIMENTAL DEMONSTRATION AND RESULTS
A proof-of-concept experimental test bed of the proposed bidirectional mobile fronthaul is shown in Fig. 7(a) . The test bed is set up to study the operation of one WDM channel in the proposed WDM-FDM mobile fronthaul network. A pair of coarse WDM (CWDM) multiplexers is used to separate DL and UL wavelengths. The DL system is based on a conventional IM-DD scheme, where electrical signals are modulated onto the light through an MZM, which is under push-pull operation and biased at V π ∕2. Twenty 80-MHz aggregated CCs are transmitted from the BBU-Pool to two independent small-cell RAUs over 25-km SSMF. At the RAU sites, the optical signals will be directly detected by the PD and recovered with offline DSP. In the experiment, one CC contains 1024 subcarriers, and it is used to imitate a future 5G signal band. Small Cell 1 and Small Cell 2 selectively receive odd and even CCs, respectively. The electrical spectrum of the DL signal received at Small Cell 1 is shown in Fig. 7(e) .
The UL transmission system is based on the aforementioned FM-HD scheme. The light from one ECL at the BBU-Pool is boosted by an erbium-doped-fiber amplifier (EDFA) before being fed into two small-cell RAUs. At each RAU site, a polarization controller (PC) is used to adjust the polarization state of the light to maximize the modulation depth. As noted, the UL light is field modulated by an MZM biased at V π . The UL signal is composed of 16 80-MHz LTElike CCs, while the odd CCs are modulated onto the light in RAU1, and the remaining even CCs are modulated onto the light in RAU2 to imitate the FDM operations among the two cells, which are shown in Figs. 7(b) and 7(c) , respectively. The lights carrying different FDM signals are then combined and transmitted back to the BBU-Pool after 25-km SSMF. At the BBU-Pool, the signals mixing with the optical LO are detected with a single-end PD. It is worth noting that a 1-km SSMF segment is added before RAU2 to decorrelate the lights entering two different cells. Because all the laser sources are centralized, the BBU-Pool is able to precisely control and adjust the wavelength of the ECL and DFB, where system controlling and maintenance efficiency are largely enhanced. The electrical spectrum of the received UL signals is shown in Fig. 7(d) . The signals are upconverted to the IF at 4.7-GHz generated from the beating between the signal and LO lights. In this case, the signals are totally immune from the undesired OBI components, which occupy the lowfrequency band from 0 to 3-GHz.
To improve the quality and successfully recover the UL FDM signals. Two technical issues need to be addressed. First, the remote MZMs at the RAUs need to be biased at V π . Figure 8(a) shows the power and electric-field responses of the MZM when it is biased at V π ∕2 and V π . The signal spectra at different cases are also compared in Figs. 8(b) and 8(c). Traditionally, in an intensity-modulation scheme, the MZM is biased at V π ∕2 to achieve the best linearity in its power response expressed as However, as indicated in Eq. (12), in FM-HD, the system detects the electric field of the signal instead of its power, and the field response is given by
where the best linearity occurs at V bias V π . As shown in Fig. 8(b) , when the bias is close to V π ∕2, the electric field is nonlinearly distorted, and the low-frequency OBI grows, which competes against the desired signals and consumes the gain inside the PD and amplifiers, thus resulting in a reduced SINR of desired signals. The signal quality is seriously degraded, as indicated by the constellation in the inset of Fig. 8 (b) even when DSP is applied. On the other hand, at the bias of V π , the OBI will be suppressed and better constellation diagrams can be obtained, as shown in the inset of Fig. 8(c) . Second, the phase noises after heterodyne detection need to be exactly eliminated. In this work, we apply virtual tone (VT) based DSP for phase recovery [17] . A VT is an OFDM pilot subcarrier carrying known pre-coded symbols, which are inserted near the data-loaded subcarriers, as shown in Figs. 7(b) and 7(c). Such VTs are allocated at different frequencies for different cells. After fiber transmission, the bundled signals and VT from one cell suffer from the same phase noise and carrier frequency offset (CFO). At the UL receiver site, the VT can be extracted to cancel out the same phase noise and CFO carried by the paired OFDM signals. This method is proved to be an effective solution to overcome the phase incoherency among asynchronous cells, although it sacrifices a part of the spectral efficiency.
The experimentally measured constellation diagrams and error-vector magnitudes (EVMs) versus received power are shown in Fig. 9 . In the experiment, three modulation formats-QPSK, 16QAM, and 64QAM-are applied, with the results illustrated in Figs. 9(a) and 9(d), 9(b) and 9(e), and 9(c) and 9(f), respectively. For all DL and UL cases, less than 6% EVMs are obtained with and without applying 25-km SSMF, which passes the 8% EVM threshold of 64QAM defined in current LTE standards [18] . The received power penalty, with 25-km fiber transmission, is attributed to higher insertion loss and chromatic dispersion-induced power fading. As shown in Fig. 9 , the sensitivity with 8% EVM at the UL receiver end is around −16 dBm. The power of the ECL is boosted to 12 dBm by the EDFA before launching into the fiber. Another EDFA with a gain of 17 dB is also implemented at the UL receiver site. Given the receiver sensitivity and laser power, the gain of the optical link is enough to support six small-cell RAUs and compensate the loss induced by a bidirectional 25-km fiber transmission (11 dB), CWDM multiplexers (3 dB), modulators (9 dB), circulators (5 dB), and PCs (0.5 dB). It is worth noting that the EVM performance of the OFDM signal could be further improved by compensating the nonlinear distortion resulting from the electrical amplifications [19] .
In comparison with the existing schemes, our proposed WDM-FDM-based bidirectional mobile fronthaul eliminates the interference from OBI components, thus achieving better received signal quality. It also exhibits the advantages with high flexibility, enabling PTMP bidirectional transmission, and high capability to support an increased number of connected cells. Moreover, FDM data transmission from each cell site does not need to wait for a specific time slot, which reduces its latency and synchronization requirements in comparison with TDM schemes. However, on the other hand, there are also some issues that deserve to be further studied and improved in the future. Because MZMs are typically polarization sensitive, it requires polarization control and tracking systems at the distributed RAUs, which adds to the complexity and cost of the overall network. One possible solution is to apply reflective semiconductor optical amplifiers (RSOAs), electro-absorption modulators (EAMs), or polarization-insensitive silicon photonics [20] . Meanwhile, a polarization multiplexed receiver can also be implemented at the BBU-Pool [21] . Moreover, if avalanche photodiodes with higher sensitivities are used at the BBU-Pool, the number of connected cells could be further increased, and the optical amplifiers at the RAUs can be removed.
V. CONCLUSION
Spectral aggregation and cell densification are two of the key strategies to effectively boost the throughput of future 5G mobile data networks. Meanwhile, they have higher requirements on a fronthaul network's capacity, scalability, and cost. To solve these issues, in this work, we proposed a small-cell-compatible WDM-FDM-based bidirectional mobile fronthaul network. In comparison with traditional CPRI-, CA/CDA-, or TDM-based schemes, the proposed system could support an increased number of connected cells with higher flexibility and lower latency. On the other hand, because of the impairments caused by OBI and phase noise, the traditional IM-DD scheme, which fails to support FDM UL transmission, is replaced with our designed FM-HD method, which can recover the UL signals from distributed asynchronous cells with the help of a VT-based DSP. A proofof-concept bidirectional transmission experiment is demonstrated, which successfully transmits 20 80-MHz DL CCs and 16 80-MHz UL CCs between the BBU-Pool and two independent small-cell RAUs. Qualified EVM performances and clear constellations are obtained, which proves the feasibility of the proposed fronthaul system.
